Sleep in Drosophila shares many features with mammalian sleep, but it remains unknown whether spontaneous and evoked activity of individual neurons change with the sleep/wake cycle in flies as they do in mammals. Here we used calcium imaging to assess how the Kenyon cells in the fly mushroom bodies change their activity and reactivity to stimuli during sleep, wake, and after short or long sleep deprivation. As before, sleep was defined as a period of immobility of >5 min associated with a reduced behavioral response to a stimulus. We found that calcium levels in Kenyon cells decline when flies fall asleep and increase when they wake up. Moreover, calcium transients in response to two different stimuli are larger in awake flies than in sleeping flies. The activity of Kenyon cells is also affected by sleep/wake history: in awake flies, more cells are spontaneously active and responding to stimuli if the last several hours (5-8 h) before imaging were spent awake rather than asleep. By contrast, long wake (≥29 h) reduces both baseline and evoked neural activity and decreases the ability of neurons to respond consistently to the same repeated stimulus. The latter finding may underlie some of the negative effects of sleep deprivation on cognitive performance and is consistent with the occurrence of local sleep during wake as described in behaving rats. Thus, calcium imaging uncovers new similarities between fly and mammalian sleep: fly neurons are more active and reactive in wake than in sleep, and their activity tracks sleep/wake history.
T he fundamental features that characterize mammalian sleep also define Drosophila melanogaster sleep (1) (2) (3) . Most crucially, in both flies and mammals, sleep is distinguished from simple rest (quiet wake) by an increased arousal threshold, i.e., a reduced ability to respond to external stimuli. Moreover, in flies and mammals sleep is controlled homeostatically by the duration as well by the intensity of prior wake, suggesting basic similarities in the mechanisms of sleep regulation across species. Thus, in flies both sleep deprivation and a rich learning experience lead to a sleep rebound characterized by overall increased sleep time, increased arousal threshold, and longer sleep episodes (4-6). As in mammals, overall neuronal activity in flies is also high during wake and low during sleep (6) (7) (8) . Specifically, a seminal study using local field potential (LFP) recordings from the Drosophila medial protocerebrum found high spike-like potentials that disappeared after the block of synaptic transmission in the mushroom bodies (MBs) (7) . This high spike activity was present when flies were moving or had been quiescent for only a few seconds, but disappeared with sleep (i.e., after periods of immobility >5 min), when the overall LFP power in all frequencies also decreased by ∼60% (7). The study concluded that neural activity in the sleeping fly brain, or at least in a central region spanning the MBs, resembles that seen in mammals in several brainstem cell groups including noradrenergic neurons, whose firing strongly declines or stops completely during sleep (9) . A more recent study in tethered flies able to walk on an airsuspended ball also found that periods of immobility >5 min are associated with increased arousal thresholds and with "flat" LFPs (6) . LFPs, however, reflect the activity of thousands of cells (10) , and the use of modified stereotrodes to resolve single-unit activity in flies is still in its infancy (11) . Glass or tungsten microelectrodes, on the other hand, have recorded one neuron at a time in flies (e.g., refs. [12] [13] [14] and, to our knowledge, have not measured changes across sleep and wake.
Our goal was to study many fly neurons simultaneously while preserving single-cell resolution, to determine how sleep and wake affect spontaneous activity and the ability of neurons to react to stimuli. It was recently shown in rats that during sleep deprivation single cortical neurons may go unpredictably "offline," as they normally do during sleep, with negative effects on performance (15) . Thus, we also asked whether this phenomenon occurs in flies. We focused on the MBs, large areas of the Drosophila brain involved in olfactory learning (16, 17) and sleep regulation (18, 19) , and used in vivo calcium imaging (20, 21) to measure spontaneous and evoked neuronal activity in the MB principal neurons, the Kenyon cells, during sleep, wake, and in response to different periods of sleep deprivation.
Results
Sleep and Wake States During Calcium Imaging. We expressed the genetically encoded calcium sensor GCaMP5 (22) in the Kenyon cells. First, we measured changes in GCaMP5 fluorescence across the sleep/wake cycle within the same fly. Before imaging, flies were allowed to sleep for 5 h during the first part of the 12-h dark period, when they normally sleep, or were sleep deprived to Significance Sleep in fruit flies shares all the essential features of mammalian sleep. Here, by using in vivo calcium imaging, we show for the first time, to our knowledge, that neuronal activity and reactivity decline during sleep and increase during wake simultaneously in many cells of the fly brain. Furthermore, we show that long wake reduces baseline and evoked neural activity and causes neurons to respond inconsistently to stimuli. The latter finding is reminiscent of the phenomenon of "local sleep in wake" described in rats, in which single cortical neurons unpredictably go "offline" during extended wake, leading to performance errors. Thus, these findings open the way to use Drosophila to study the molecular mechanisms underlying the cognitive deficits caused by sleep loss.
increase their chance to sleep under the microscope. Flies allowed to sleep were awake only 23 ± 1.7% (mean ± SE) of the 5 h before imaging, whereas sleep-deprived flies were awake 99 ± 0.0% of the time. Imaging occurred at the same circadian time in all flies. Under the two-photon microscope, flies were placed in a holder that fixed the head in place while legs and abdomen remained free to move and were recorded using an infrared (IR) digital microscope ( Fig. 1A ; details in Materials and Methods). MB cells expressing GCaMP5 are located in the periphery on the posterior side of the head (Fig. 1B) . Imaging took place every 10 min over a 2-h period, with each stack of images taken at 0.7-μm intervals throughout the MB region over a 67-s time period.
Sleep in Drosophila is defined as any period of immobility of more than 5 min, because in many experimental conditions, including in tethered flies (6), a quiescent period of that length is associated with a stable increase in arousal threshold. According to this definition, the first minute counted as sleep corresponds to the sixth minute of inactivity, because in previous experiments we found that arousal thresholds progressively increase during the first 5 min of quiescence (23) . This period is therefore viewed as a transitional stage and counted as wake. Under the twophoton microscope, we used legs and abdomen movements to identify putative periods of sleep (>5 min of immobility). Thus, a putatively sleeping fly had to show no movements for more than 5 min before and during imaging, whereas a putatively awake fly had to move at least once during that time. The absence of movements alone, however, is not sufficient to define sleep unless associated with an increased arousal threshold.
Thus, we measured whether putatively sleeping flies were less able to respond to a stimulus, namely the switching on of the IR laser light when imaging started. In the holder under the microscope, awake flies are not continuously in motion but tend to move in intense bouts of activity of 1-2 min over a 5-min period. We found that switching the laser on often triggered movements or, less frequently, caused the movements already present to become more intense. Specifically, across all imaging sessions, flies moved in 59% of cases (n = 191 sessions) when the laser light went on, but only in 36.3% of cases (n = 160) during control periods when the laser light was off, which were selected to occur half way (at the fifth min) between two stimulation periods (χ 2 test, P = 2.31E-5) (Fig. 1C, Left) . More importantly, awake flies responded more frequently to IR stimulation than those putatively asleep. Specifically, in flies that were already moving before imaging, movements occurred in 81.3% of the episodes (n = 101) when the laser was switched on (Fig. 1C, Right) . By contrast, flies that were putatively asleep (quiescent) before imaging moved only 39.2% of the time (n = 90), and the difference in the response rate between the two groups was greater than chance (χ 2 test, P = 4.00E-9) (Fig. 1C, Right) . Thus, the IR laser light has a stimulatory effect on the great majority of awake flies, whereas in most cases (60.8%) flies presumed asleep did not move in response to the laser. We conclude that the arousal threshold is increased in the state that we previously called putative sleep, and from now on we will refer to that state as "sleep."
Another essential feature of sleep is its homeostatic regulation, i.e., quality and quantity of sleep increase after sleep deprivation. Consistent with our conclusion that >5 min of quiescence qualifies as sleep in our experimental conditions, we found that during the 2-h imaging session flies that had previously been sleep-deprived spent more time asleep ( Fig. 1D ) and had more ( Fig. 1E ) and longer sleep episodes ( Fig. 1F ) than flies that slept before imaging. Moreover, quiescent flies that had previously been sleep-deprived for 29-34 h had a lower response rate to IR stimulation than quiescent flies that had previously been sleep-deprived for only 5-8 h (response rate: 13% ± 7.2 vs. 32% ± 9.1; χ 2 test, P < 0.015; n of flies sleep-deprived (SD) 5-8 = 22, SD 29-34 = 21; Fig. S1B ). Spontaneous motor activity during control periods with laser off (2 min before the laser was switched on) did not differ between the two SD groups (χ 2 test, P = 0.2). The mechanism underlying the arousal response due to the laser is unknown, but thermal stimulation appears a more likely candidate relative to acoustic or visual stimulation. Indeed, we found that the response rate increases with increasing laser power ( Fig. S1A ), whereas the noise produced during imaging by the galvo mirror system and shutters does not change with different laser intensities. Moreover, D. melanogaster cannot sense IR wavelengths directly, and insects that sense IR do so through an organ that uses thermoreception (24) . By using a no-contact thermometer centered below the fly, we found that temperature increased by 0.18 ± 0.01°C during stimulation (baseline = 22.16 ± 0.047°C; during stimulation = 22.34 ± 0.046°C, Mann-Whitney test P = 0.011, three flies, each fly tested five times) (Fig. S1C) . The quick rise in temperature is consistent with the fact that the response to the laser is quick. Indeed, by dividing the stimulation period into 5-s epochs and scoring each epoch for activity we found that most responding flies (81.5%) moved within the first 5 s after the laser was turned on (14 awake flies, 79 trials; 100% laser power tested every 15 min for 60 s). Finally, Trp1A 1 null flies, which have an impaired response to temperature gradients (25, 26) , failed to show a significant difference in response rate when the laser was switched on relative to when it was off (Fig. S1D) .
The laser-induced increase in temperature that we measured is small, but was detected across a region that included both head and body. It is likely that the temperature increased more over the head region, where the laser was focused and heatsensitive neurons are located (26) . Moreover, at least in larvae, Trp1A 1 is necessary to show preference even within a narrow temperature range, 18°C over 19°C (25) . Thus, although not conclusive, these results are consistent with heat being the most likely candidate to mediate the arousal response to the laser stimulation.
Calcium Levels in Individual MB Cells Change When Flies Fall Asleep and Wake Up. Having established that flies can sleep under the two-photon microscope, calcium levels were measured at the wake-to-sleep and sleep-to-wake transitions. We focused on consolidated bouts of sleep and wake (>5 min) to measure changes starting from a stable baseline and used flies previously sleep-deprived for 8 h to increase their chance of sleep. As shown in Fig. 2A , individual brightly fluorescing cells could easily be identified in the stacked images and were defined as those neurons whose fluorescence intensity exceeded background fluorescence by at least two times. These bright cells were likely responding to environmental conditions such as the constant oxygen-enriched flow passed through the chamber during the 2-h imaging session. GCaMP5 fluorescence decreased in these cells at the wake-to-sleep transition. Specifically, a significant decline in GCaMP5 signal was seen between the last 5 min of wake relative to the first 10 min of sleep, as well as between the last 5 min of wake relative to the end of the sleep period (Fig. 2B) . By contrast, GCaMP5 fluorescence increased in these cells at the sleep-to-wake transition (Fig. 2C) . Of note, no changes in ΔF/F signal occurred from the beginning to the end of a 10-min period of either continuous sleep (Wilcoxon signed-rank test, P = 0.471) or wake (P = 0.082), demonstrating that the changes in calcium levels in these cells reflect changes in behavioral state.
Sleep/Wake Changes in Calcium Levels in Response to Two Different Stimuli. We then studied how sleep and wake affect the neuronal response evoked by acute exposure to oxygen and then to an oxygen-vinegar mix (Fig. S2) . These stimuli were selected to test responsiveness to a weak stimulus (oxygen) and a strong stimulus (vinegar). The chances of measuring the response to two different stimuli in the same fly during both sleep and wake are low. Thus, we used two independent experimental groups, comparing the evoked response between flies that remained awake or slept from the start of the imaging session to when the stimuli were delivered. Analysis of single cells was done using stacked images acquired as in the previous experiment, but the testing period was shortened to 14 min to increase the number of flies that could be tested. In the stacks, cells were defined as "responders" if their fluorescence in response to oxygen or vinegar increased by at least 50% relative to baseline. The number of individual cells responding to oxygen and vinegar was larger in awake flies than in sleeping flies (Fig. 3A) . Moreover, for both stimuli, the mean increase in fluorescence in each responding cell was larger in awake flies relative to sleeping flies (Fig. 3B) . When the entire region of cell bodies was considered, the average response was also larger during wake than during sleep (Fig. 3C) . In fact, sleeping flies showed no response to oxygen (Wilcoxon signedrank test, P = 0.192), in contrast to awake flies. In response to vinegar instead, sleeping flies also showed a response (Wilcoxon signed-rank test P < 0.05), but smaller than that of awake flies (Fig. 3C) . The overall weaker response to oxygen relative to vinegar is expected because prior studies have shown that there are no oxygen-specific sensors in the antennal lobe and the response to oxygen results from either the airflow itself (27) or a decrease in carbon dioxide concentration (28) (29) (30) . Finally, we also measured the response to oxygen and vinegar using a time series optimized for rapid imaging of a single plane spanning the cell body region and the calyx (see Materials and Methods for details). The peak regional ΔF/F response to both stimuli tended to be larger in awake flies than in sleeping flies (Fig. 3D) . In the body region, the latency to the peak response to vinegar was also faster in awake animals (14 ± 1.5 vs. 9 ± 1 s, P = 0.04), resulting in a significantly larger ΔF/F at the beginning of the stimulation in awake animals compared with sleeping animals (Fig. 3D , green circles). Fluorescence decreased at the end of the time series in the absence of stimulation, but this decline did not occur in the calyx or in the presence of stimuli, suggesting that it is unlikely due to photobleaching. Overall, these results using two different stimuli find that sleep is associated with reduced reactivity of Kenyon cells.
Effects of Sleep/Wake History on Calcium Levels and Response to
Stimuli. In mammals, overall levels of neuronal activity depend on the behavioral state and also, albeit to a smaller extent, on sleep/wake history. In rats, for example, average firing rates in each behavioral state (sleep or wake) are higher or lower depending on whether the previous several hours were spent awake or asleep, respectively (31) . Thus, we asked whether a previous history of sleep, short wake or long wake, affects calcium levels. For this analysis we used only flies that were awake during the entire imaging protocol, subdivided into three groups-sleep, short wake (5-8 h), and long wake (29-34 h)-based on their sleep/wake behavior in the previous 5-34 h (see Materials and Methods for details).
Analysis of stack images found that, compared with flies that slept before testing, flies previously awake for 5-8 h showed a larger number of bright cells during baseline, i.e., before any odor was presented (Fig. 4A) , and more activated cells in response to both oxygen and vinegar (Fig. 4B) . By contrast, flies previously awake for many hours (long-wake group) did not differ from flies previously asleep, neither in the number of bright cells at baseline nor in the number of cells responding to odors, in both cases due to increased variability (Fig. 4 A and B) . Overall fluorescent intensity in the calyx or cell body region was not affected by the sleep/wake history, neither in the time series nor in stack images, although a trend was present, consistent with the changes seen in single cells (short wake > long wake > sleep). Overall, these results suggest that, as in rodents, the effects of sleep/wake history on neuronal activity are subtle and thus can be seen when measuring calcium levels in the few single cells that are active at baseline, but not when averaging GCaMP5 fluorescence across the entire region, where most cells are not active.
We then studied the effects of sleep/wake history on the response to repeated stimulation. Image stacks were taken during exposure to oxygen followed by oxygen-vinegar, and this sequence was repeated three times to assess the consistency of the evoked responses. Cells that responded to oxygen and/or oxygen-vinegar (>50% ΔF/F) during any of the three trials were identified, and the correlation across the activation patterns of all trials was compared. Fig. 4C shows raw data for representative experiments: each of the 12 panels refers to one fly, with each row representing the response of one individual cell to the three trials for oxygen and for oxygen-vinegar (OVOVOV). Across individual flies, the responding patterns across trials correlated significantly after sleep and after short wake (Wilcoxon signedrank test, P < 0.05) (Fig. 4D) . After long wake, however, activation patterns were no longer correlated (Fig. 4D) due to a reduced number of high-intensity responses compared with sleep (Fig. 4E) . As shown in Fig. 4C , this decline could occur in any of the trials, not necessarily in the last one. Indeed, the lack of correlation after long wake was also present when trials 1-2, 2-3, and 1-3 were considered separately, and mean raw intensity for the responders did not decrease from the first to the last trial, indicating that habituation does not account for this result.
Discussion
Several groups have recorded GCaMP fluorescence from the MBs in tethered flies (27, (32) (33) (34) (35) , but none of the previous studies tested the effects of sleep and wake. To do so, it was first necessary to prove that flies can indeed sleep during calcium imaging. We show here that, when flies are immobile under the two-photon microscope for >5 min, their ability to behaviorally respond to a stimulus-e.g., switching on the laser light-is reduced. We call this state of reduced arousal threshold "sleep," applying the same criteria used in previous studies that found that tethered flies, when asleep, have reduced neuronal activity (6, 7). We also show, again consistent with previous results (6) , that sleep as defined in the current study is homeostatically regulated by the duration of previous wake. Thus, we conclude that the state of quiescence as defined in our experimental setup qualifies as sleep and not simply as rest.
State-Dependent Effects. The most stringent condition under which to study the effects of sleep and wake on calcium levels is to compare GCaMP5 fluorescence within the same fly while the animal spontaneously transitions from wake to sleep and back in the absence of acute stimulation. By doing so, we found that calcium levels in individual MB cells increased when the fly woke up and declined when it fell asleep, consistent with a decrease in spontaneous activity during sleep relative to wake as reported using LFP recordings (6, 7) (Fig. 2) . In addition to spontaneous activity, evoked activity in response to oxygen and vinegar was also higher in wake than in sleep. Both the number of MB cells responding to these stimuli and their mean response were greater in awake flies relative to sleeping flies (Fig. 3) . A decline in the electrical response of neurons to different kinds of stimuli is a classical marker of sleep, documented in mammals (e.g., ref. 36) as well as in bees (37) . Thus, we were able with calcium imaging to detect sleep/wake-dependent changes in both spontaneous and evoked activity of Kenyon cells.
In the mammalian cortex, most of sleep [non-rapid eye movement (NREM) sleep] is associated with a decrease in glutamate and acetylcholine levels, an increase in GABA levels (38) , and an overall decrease in the level of activity of arousal promoting neuromodulatory systems such as the noradrenergic, orexinergic, and dopaminergic systems (39, 40) . All these factors are likely to contribute to the decline in neuronal activity and excitability during sleep. Similarly, it is likely that several mechanisms exist to make Kenyon cells more active and more responsive to stimuli during wake than during sleep. The neurons projecting from the antennal lobe to the calyx are cholinergic. In addition to acetycholine, receptors for GABA, glutamate, octopamine, and dopamine are also expressed in the MBs (41) . Direct evidence for sleep/wake changes in the brain levels of any of these neurotransmitters is missing in flies. However, both dopamine (42, 43) and octopamine (44, 45) promote arousal, although they do so by affecting brain regions other than the MBs (43) (44) (45) . Moreover, both dopamine and octopamine modulate calcium and cAMP levels (46) in response to cholinergic inputs and play an important role in modulating MB neuronal activity during associative olfactory learning (47) (48) (49) (50) , suggesting that they could affect the excitability of Kenyon cells. Also, suppressing GABA activity reduces sleep time in flies, and mutations in the GABA A receptor confer resistance to GABA antagonists that promote wakefulness (51) . As for dopamine and octopamine, the sleep-promoting effect of GABA A receptors is mediated outside the MBs by the pigment-dispersing factor neurons (52) . However, GABAergic inputs through the anterior paired lateral neurons modulate the odor-specific activation pattern in the MBs (53) . Reducing GABA A receptor expression increases the number of cells included in the pattern, and suppressing GABA B expression increases calcium influx in the responding cells. Thus, an increase in GABAergic transmission mediated by both GABA A and GABA B receptors could explain why sleep is associated with a decrease both in the number of responders and in the extent of their response to stimuli. History-Dependent Effects. Analysis of stack images found that, compared with flies that slept before testing, flies previously awake for 5-8 h showed more bright cell bodies during baseline, i.e., before any odor was presented (Fig. 4A) , and more activated cells in response to both oxygen and vinegar (Fig. 4B ). This result is consistent with the finding in mammals that spontaneous neuronal activity increases with time spent awake and decreases after sleep (31) .
We found that, after long wake, Kenyon cells were no longer able to respond consistently to repeated exposure to the same stimulus. It is unlikely that this result is due to habituation because the correlation among activation patterns did not decline in the last two trials relative to the first two trials. Instead, the results are more in line with recent findings in mammals suggesting that sleep may not be as global as previously thought. For example, intracranial recordings in epileptic patients have shown that the slow waves and spindles of NREM sleep often occur in some cortical areas but not in others (54) and frequently involve only small groups of neurons (55, 56) , a finding that was confirmed in rats (15) . Recordings of evoked responses in the rat barrel cortex after whisker stimulation also suggest the possible occurrence of "local wake during sleep": responses sometimes appear sleeplike in one cortical column but wake-like in another (57) . Finally, by using intracortical multiarray recordings, we recently found that, when rats stay awake longer than usual to explore and learn, small groups of cortical neurons can go offline while the rest of the brain is awake (15), a phenomenon called "local sleep during wake." Thus, the few Kenyon cells that unpredictably fail to respond to stimuli after long wake may reflect the occurrence of local sleep in awake flies. In rats, the occurrence of local sleep during wake leads to performance errors (15) and is likely to account for some of the cognitive deficits associated with sleep deprivation in humans (58) . The MBs have a pivotal function in olfactory memory processing (59, 60) , and sleep deprivation either before or after training (4, 61) impairs olfactory memory, whereas blocking neurotransmission in the MBs during extended wake before training can rescue memory impairments (61). Thus, it is possible that at least one of the mechanisms by which extended wake impairs olfactory memory involves the occurrence of local sleep in Kenyon cells.
Materials and Methods
Fly Strains, Husbandry, and Sleep/Wake Recordings Before Calcium Imaging. For each bin, an asterisk indicates a significant difference from the sleep group (Kruskal-Wallis test followed by Mann-Whitney test, P < 0.05). Note that the frequency of high-intensity responses is also reduced after short wake relative to sleep, but the overall increased number of responses compensates for this effect.
Janelia Research Campus. Flies were reared at 20°C on standard cornmeal molasses. Virgin females were harvested within 12 h after eclosure and placed in clear 5-× 65-mm tubes with standard cornmeal molasses food at one end and a cotton-sealed cap in the other. Behavior was monitored in Drosophila activity monitors (DAM5, Trikinetics) at 20°C and 68% humidity. Sleep deprivation using a mechanical agitator was performed as previously described (23) .
